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To extend the possibilities of using aluminum/graphite composites as structural materials, a novel process is
developed. The conventional methods often produce agglomerated structures exhibiting lower strength and
ductility. To overcome the cohesive force of the agglomerates, a melt conditioned high-pressure die casting
(MC-HPDC) process innovatively adapts the well-established, high-shear dispersive mixing action of a twin
screw mechanism. The distribution of particles and properties of composites are quantitatively evaluated.
The adopted rheo process signiﬁcantly improved the distribution of the reinforcement in the matrix with a
strong interfacial bond between the two. A good combination of improved ultimate tensile strength (UTS)
and tensile elongation (e) is obtained compared with composites produced by conventional processes.
Keywords Agglomerates, Intensive shearing, Mechanical prop-
erties, Metal matrix composites, Particle distribution
1. Introduction
The need for engineering materials with the technological
importance for the areas of air and land vehicles has led to a
rapid development of composite materials. Composite materials
have an edge over monolithic materials because of their superior
properties such as high speciﬁc strength and stiffness, increased
wear resistance, enhanced temperature performance together
with better thermal and mechanical fatigue and creep resistance
(Ref 1, 2). Metal matrix composites (MMCs) are one of the
important innovations in the development of advanced materi-
als. Among the various matrix materials available, aluminum
and its alloys are widely used in the fabrication of MMCs and
have reached the industrial production stage. The emphasis has
been given on developing affordable Al-based MMCs with
various hard and soft reinforcements (SiC, Al2O3, zircon,
graphite, and mica) because of the likely possibilities of these
combinations in forming highly desirable composites (Ref 3-5).
Graphite, in the form of ﬁbers or particulates, has long been
recognized as a high-strength, low-density material. Aluminum
graphite particulate MMCs produced by solidiﬁcation tech-
niques represent a class of inexpensive tailor-made materials for
a variety of engineering applications such as automotive
components (Ref 6, 7), bushes, and bearings (Ref 8, 9). Their
uses are being explored in view of their superior technological
properties such as the low coefﬁcient of friction (Ref 10, 11),
low wear rate (Ref 11-13), superior gall resistance (Ref 11, 14),
high seizure resistance (Ref 11, 15), high damping capacity
(Ref 16, 17) and good machinability (Ref 18, 19).
Several processes involving incorporating graphite particles
in aluminum-base alloy to produce particulate composites have
been developed (Ref 20-23). While powder metallurgy (Ref 24)
is a powerful method to produce such composites in mass scale
production of small components, the liquid metallurgy tech-
niques are attracting much attention because of their inherent
production advantages (Ref 4, 5). The most economical
production of such composites is by stir casting; nevertheless,
this is associated with some problems arising mainly from the
apparent non-wettability of graphite by liquid aluminum alloys
(Ref 25-27) and density differences between the two materials
(Ref 28). As a result, the introduction and retention of graphite
particles in molten aluminum is extremely difﬁcult.
Several investigations have been documented to improve the
wettability between the two components by special treatment of
both, the particles and melt (Ref 29, 30). A considerable amount
of studies have been carried out in the area of development of
processes, the characterization of the structure, and properties
of these materials (Ref 24, 31-35). Earlier it has been reported
that the production method has a strong inﬂuence on the
mechanical and tribological properties of composites through its
effects on the matrix grain size, porosity, the distribution
of graphite particles, and the interfacial properties of the
Al/graphite couple (Ref 36-39). Improvements in tribological
properties are, however, accompanied by a decrease in the
strength and ductility of these composites (Ref 40). In order to
explore the possibilities of using Al/graphite composites as
structural materials, mechanical properties need to be enhanced
by controlling the nature of the distribution of the graphite
particles and the interface that exists between the graphite and
the matrix.
Although considerable effort has been made to study this
interface and its effects on properties (Ref 39), very little
information is available on the reinforcement distribution
within the matrix. Despite the growing popularity of these cast
metal-graphite particle composites, no study on characterization
of reinforcement distribution inﬂuenced by processing para-
meters has been reported as yet. Defects such as clusters,
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agglomerates, and segregation of graphite particles play a
dominant role in accelerating the fracture process (Ref 41). An
inhomogeneous distribution of the particles, inadequate bond-
ing between the metal and graphite particles, and formation of
porosity at the graphite/matrix interface could be reduced to
some extent by using pressure diecasting (Ref 41-43). In order
to obtain a homogeneous distribution of reinforcement particles
in the matrix, current processing methods require to be revised.
In view of the above mentioned problems, this study was
undertaken to produce advanced Al/graphite composites with
high-quality microstructures characterized by a uniform distri-
bution of the reinforcement throughout the whole sample and
good mechanical properties of the ﬁnal product. The key idea is
to apply sufﬁcient shear stress (s) on particle clusters embedded
in the liquid metal to overcome the average cohesive force or
the tensile strength of the cluster. A new rheo process has been
developed at Brunel Centre for Advanced Solidiﬁcation
Technology (BCAST), Brunel University, by utilizing the
MCAST (Melt Conditioning by Advanced Shear Technology)
process, in which the liquid undergoes a high-shear stress and a
high intensity of turbulence inside a specially designed twin-
screw machine (Ref 44, 45). The effect of processing param-
eters on the reinforcement distribution has also been examined
with the purpose of optimizing the process parameters to yield
components of high integrity. The variation of inhomogeneity
caused by process variables has been quantitatively analyzed.
The experimental results of novel melt-conditioned high-
pressure die cast (MC-HPDC) Al alloy composites are
compared with conventional high-pressure die casting (HPDC)
samples. The adopted rheo process clearly demonstrates a
signiﬁcant improvement in the distribution of the reinforcement
in the matrix with a good combination of improved ultimate
tensile strength (UTS) and tensile elongation (e).
2. Experimental Procedures
2.1 Processing
Commercially available HPDC Al-alloy LM24 (USA des-
ignation A380) was used as the matrix material for this study.
The alloy LM24 (composition shown in Table 1) has an
excellent combination of mechanical properties in the cast
condition. Interfacial reactions with the reinforcement under a
prolonged contact time at elevated temperature is avoided due
to the high Si content (Ref 46, 47). A properly cleaned ingot
was melted in a cylindrical crucible inside a top-loaded
resistance furnace at 650 C. Uncoated but pre-heat treated
(heated at 400 C for approximately 1 h (Ref 21)) synthetic
graphite powder (particle size £20 lm) was used as the
reinforcement.
The novel process for synthesizing Al/graphite composite
consists of two steps:
1. distributive mixing;
2. dispersive mixing under intensive shearing.
2.1.1 Distributive Mixing. Distributive mixing employs
conventional mechanical stirring (Ref 4, 5) to pre-mix the Al
alloy with graphite particles. The mixing equipment (Fig. 1)
consisted of a driving motor to create the torque on the
impeller, a lifting mechanism for the rotation drive unit and
stirrer assembly, and a transfer tube for introducing the graphite
powder into the melt. To ensure a uniform distribution, the
impeller was designed to have a d/D ratio equal to 0.4 and a w/d
ratio equal to 0.35 (Ref 48) where D is the inner diameter of the
crucible, d is the diameter of the impeller, and w is the width of
the impeller. A four-bladed stainless steel impeller was coated
with boron nitride to prevent a reaction with molten aluminum.
A controlled argon atmosphere was maintained inside the
furnace throughout the whole experiment to prevent melt
oxidation. The graphite particles (5 vol.% @ 3.5 wt.%) were
transferred slowly and continuously into the melt which was
mechanically stirred at 600-800 rpm. After all the graphite
powder was introduced successfully into the liquid metal, the
composite mixture was allowed to solidify in the crucible and
subsequently reheated to the preset melting temperature. It was
then restirred for 2 min at approximately 400 rpm and was
transferred into a 280-tonne cold chamber HPDC machine (LK
Machinery, Hong Kong) to produce standard tensile test
samples. For all the experiments in this study, the die
temperature was kept at 220 C. The samples cast in this
conventional method are referred as HPDC samples.
2.1.2 Dispersive Mixing. The distributive mixing stage is
important as a means to incorporate the graphite particles and to
distribute them in the melt. The degree of mixing in conven-
tional mechanical stirring is governed by the momentum
transfer from the position of the stirrer to the particles located
away from the stirrer position (Ref 49, 50). Due to a
diminishing velocity gradient from the center to the wall
within the liquid, the degree of mixing is limited. A lack of
sufﬁcient shear force in distributive mixing results in agglo-
merates in relatively stagnant zones (e.g., near crucible walls).
Table 1 Chemical composition (wt.%) of the Al-alloy
used in this study
Cu Mg Si Fe Mn Ni Zn Pb Sn Ti Al
3.37 0.13 8.54 1.20 0.19 0.04 1.36 0.07 0.03 0.04 REM
Fig. 1 Schematic diagram of the distributive mixing equipment
Journal of Materials Engineering and Performance Volume 18(9) December 2009—1231
In order to break up the agglomerates, it is important to apply
an adequate shear stress which overcomes the average cohesive
force or tensile strength of the clusters (Ref 51, 52).
The process of dispersive mixing under intensive shearing
innovatively adopts a high-shear dispersive mixing action of
the twin-screw mechanism (Ref 44) to the task of overcoming
the cohesive force of agglomerates. The twin-screw mechanism
used for the MCAST process consists of a pair of co-rotating,
fully intermeshing, and self-wiping screws. The screws have
specially designed proﬁles (Fig. 2) which result in high-shear
rate and high intensity of turbulence. The screws and barrel are
made from a special material to avoid a reaction with molten
aluminum. A more detailed description of ﬂuid ﬂow in the
MCAST machine can be found in Ref 45, 53. The basic
function of the twin screws is to break up the agglomerates and
clusters embedded in the liquid melt under a high-shear stress
and disperse the particles uniformly under the high intensity of
turbulence.
The pre-mixed composite mixture after distributive mixing
as explained above was fed into the MCAST machine (Fig. 3).
The MCAST machine was operated above liquidus temperature
in the range between 600 and 620 C. The rotation speed of the
twin screws was 800 rpm and the shearing time was varied
between 60 and 240 s. After the predetermined shearing time,
the high quality composite slurry was transferred to the HPDC
machine with a 280-tonne clamping force, to produce standard
tensile test samples. These composites are referred as
MC-HPDC. The die used for casting test samples had four
cavities, of which two were for tensile test samples and two
were for fatigue test samples. The dimensions of the tensile test
samples are 6 mm in gauge diameter, 60 mm in gauge length,
and 150 mm in total length. The data from the fatigue tests will
be the subject of a later report.
2.2 Metallographic Characterization and Mechanical
Properties
Specimens for microstructural characterization were cut
from different positions of the ﬁnal castings. The microstruc-
tures were examined by optical microscopy (OM), using a Carl
Zeiss Axioskop 2 MAT microscope, and scanning electron
microscopy (SEM), using a Zeiss Supra 35VP FEG microscope
equipped with energy dispersive x-ray (EDX), Oxford Instru-
ments Inca, and data were ZAF corrected. The specimens for
microscopical observations were prepared by the standard
technique of grinding with SiC abrasive papers and polishing
with a diamond suspension solution. For a quantitative analysis
of the distribution of the reinforcement particles in the MMC,
an area count method was used (Ref 54, 55). The area count
method effectively detects pronounced changes in the MMC
microstructure and then the observed distribution can be
compared with some theoretical models.
The area to be studied was divided into 25 contiguous
quadrats with a quadrat side of 54 lm (168 pixels) at 2009
magniﬁcation. The quadrat size was approximately twice the
size of the mean area per particle (Ref 56). The area count
method was performed on 40 images of each specimen. To
minimize the edge effects, particles only inside and in contact
with the left and bottom side of each quadrat were counted.
Problems associated with image analysis could result in errors
such as (i) pronounced clustering and touching of graphite
particles in a cast MMC leads to identifying some of them as
one particle as it is based on gray color differences among the
features; (ii) distinguishing very small graphite particles from
artifacts, such as intermetallic particles and pores. These
problems can be minimized by carefully deﬁning the size
range (<20 lm) for measurement of the particles and increas-
ing the magniﬁcation.
The number of particles, Nq, was measured and the degree
of asymmetry of a statistical distribution around its mean can be
quantiﬁed by its skewness, b, which is deﬁned by:
b ¼ q
q 1ð Þ q 2ð Þ
X Nqi  Nmeanq
r
 3
ðEq 1Þ
where q is the total number of quadrats studied, Nqi is the
number of graphite particles in the ith quadrat (i = 1,2,…,q),
Nmeanq is the mean number of graphite particles per quadrat,
and r is the standard deviation of the Nq distribution.
According to the microstructural observations, an increase in
b indicates an increase in graphite clustering.
In mathematical terms a theoretically random, a spatial, and
a clustered spatial distribution of particles can be expressed by
a Poisson distribution, a binomial distribution, and a negative
binomial distribution respectively (Ref 57). The dispersion
coefﬁcient (DC) is deﬁned as the relation between the square of
Fig. 2 Schematic showing the proﬁle of the twin screws
Fig. 3 Schematic illustration of the MC-HPDC process
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the experimentally determined standard deviation (S) to the
experimental average value (N) of the counted number of
particles.
DC ¼ S
2
N
ðEq 2Þ
DC equals 1 for a Poisson distribution and is an indication
of the randomness of the particle dispersion. A value smaller
than 1 indicates that an observed distribution is more homo-
geneous than random (Ref 55). The major source of divergence
from the Poisson distribution as indicated by a high DC is the
presence of clusters and agglomerates.
The mechanical property tests were carried out using a
universal materials testing machine (Instron 5569) at a cross
head speed of 2 mm/min. Dry sliding abrasion wear tests were
carried out using a pin on disk wear test apparatus. In brief, the
test consisted of holding a cylindrical sample (8-mm diameter)
against a rotating SiC paper disc (Struers, 500 grit, HV 30-800)
under 1-kg load. A wear track diameter of 128 mm provided a
sliding velocity of 1 m/s. Wear loss (mm3) were calculated
from the length of wear test pin lost at intervals of 200-m
sliding distance. The length of pin lost during the test was
measured using a vernier caliper accurate to 0.03 mm. For the
purpose of comparison of mechanical properties, the base alloy
(LM24) was also sheared in the MCAST machine using similar
superheat temperatures and processing conditions as described
above and shaped to produce standard tensile test samples by
HPDC.
3. Results and Discussion
3.1 General Microstructures
Figure 4 shows typical optical microstructures of LM24-
5 vol.% graphite composites from (a) conventional HPDC
and (b) MC-HPDC. In the microstructure of the conventional
HPDC composite, agglomerates of the reinforcement particles
are clearly visible, whereas the MC-HPDC composite sample
shows a more uniform distribution of the reinforcement.
During the distributive mixing, the rotation of the stirrer
generates a vortex through which the graphite particles are
drawn into the melt. The force provided by stirring the melt
with a mechanical stirrer helps to overcome the surface
energy barriers due to poor wettability of graphite by Al
alloy. Once the particles are transferred into the liquid, the
distribution is strongly affected by certain ﬂow transitions.
The axial ﬂow causes lifting of particles due to momentum
transfer and radial ﬂow prevents particle settling. A high and
local shear force is exerted on the agglomerates of the bulk
cohesive graphite powder. The maximum force on a particle
cluster rotating in a shear ﬂow in the vicinity of a stirrer is
given by (Ref 49):
F ¼ 6pga2 _c ðEq 3Þ
where a is the radius of each primary particle in the cluster,
g is the viscosity, and _c is the shear rate in the surrounding
liquid medium. A lack of sufﬁcient hydrodynamic forces due
to a variation in the velocity gradients results in accumulation
of the aggregates in relatively stagnant zones where they sur-
vive the shear forces of mixing. These agglomerates are not
transported back into the high-shear regions and ﬁnally ﬁnd
their way as clusters into the cast structures. Thus mixing is
limited for the clusters located away from the impeller, result-
ing in the characteristic microstructure seen in Fig. 4(a).
As stated before intensive shearing is required to break
down the agglomerates into individual particles by applying a
shear stress that will overcome the average cohesive force or
the tensile strength of cluster. According to Kendalls model
(Ref 52), the strength of an agglomerate is given by:
T ¼ 11:30/
4Cc5=6C1=6ﬃﬃﬃﬃﬃﬃ
lfd
p ðEq 4Þ
where / is the volume fraction of particles, Cc and C are the
fracture surface energy and equilibrium surface energy,
respectively, and lf is the ﬂaw size in the cluster. Previously it
Fig. 4 Typical optical microstructures taken from LM24-5% graphite
composite samples (a) conventional HPDC, (b) MC-HPDC
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has been reported that the tensile strength of cohesive parti-
cles is about 300 kPa (Ref 58). According to this, the appli-
cation of a high-shear stress is necessary in order to break
down the clusters. This can be achieved in rheo process using
the MCAST machine in which ﬂuid ﬂow is characterized by
a cyclic variation of a high-shear rate, high intensity of turbu-
lence, and positive displacement pumping action. The ﬂuid
moves in the periphery of the screws in a ﬁgure of 8 motion
moving from one pitch to the next. In the continuous ﬂow
ﬁeld, the ﬂuid undergoes cycling stretching, folding, and
reorienting processes. The ﬂuid ﬂow inside the MCAST
machine is shown schematically in Fig. 5.
Based on the ﬂuid ﬂow, the shear rate between the
screws and the barrel in the MCAST machine can be given
by (Ref 59):
s ¼ gpN D
G
 2
 
ðEq 5Þ
where g is the viscosity, N is the rotation speed of the
screws, D is the outer diameter of the screws, and G is the
gap between the screw ﬂight and the barrel surface.
Depending upon the viscosity and rotational speed, an
adequate shear rate can be applied in MCAST machine to
overcome the cohesive force of agglomerates given by Eq 4. The
combination of the ﬂuid dynamics brieﬂy described above and
an enormous amount of ever changing interfacial contacting
surface compared to conventional stirrers contribute to the high-
shear dispersive mixing action of the twin screws. The
hydrodynamic stresses developed are capable of breaking down
the agglomerates of graphite particles and result in a more
homogeneous microstructure throughout the cast component as
shown in Fig. 6. Image analysis on microstructures of LM24-5%
graphite has shown the reinforcement volume fractions to be
4.93± 1.26%. Density of the MC-HPDC composite sample was
measured using Archimedes principle as discussed in Ref 60
and rule of mixtures (ROMs) (Ref 1) and found to be 2.58± 0.06
and 2.66 g/cm3, respectively, indicating negligible porosity.
3.2 Effect of processing parameters on degree
of homogeneity
Experiments were carried out to investigate the effect of
processing parameters such as shearing time (60-240 s),
shearing temperature (600-620 C) and shearing speed (400-
800 rpm). The range of processing parameters was selected so
as to apply sufﬁcient hydrodynamic force and to maintain
optimum ﬂuidity for casting. The calculated skewness, an
indicative of the degree of homogeneity is plotted as a function
of processing parameters in Fig. 7.
The calculated skewness for the conventional HPDC sample
is signiﬁcantly higher than that observed for the MC-HPDC
samples representing the clustering tendency. At a shearing
time of 0 s corresponding to the HPDC sample, the skewness
value is 2.45. With MC-HPDC composite material, b ranges
from 1.62, for a sample processed at 610 C for 60 s, to 0.19
for a sample processed at 610 C for 180 s. The skewness value
decreased with shearing time up to 180 s and then increased at
240 s. An increased shearing time dissociates the inter-
aggregate bonds but can also increase the frequency of
multi-particle interactions resulting in the formation of new
agglomerates which impair the mixture quality (Ref 51, 61).
Fig. 5 Fluid ﬂow pattern in MCAST machine (a) ﬁgure of 8 motion of the slurry, (b) positive displacement of slurry, (c) high-shear zones
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Figure 7 also indicates that increasing the processing
temperature from 600 to 620 C enhances dispersion of the
reinforcement. The apparent viscosity decreases as the temper-
ature increases which in turn decreases the shear stress (s) as
also predicted by Eq 5. The decrease in shear stress prevents
ﬂocculation, the process that reduces the number of particles
due to collision between the particles under dynamic shear
conditions. To maintain the dispersion and to improve the
ﬂuidity of the Al/graphite slurry and to die cast the sheared
slurry into required shapes, it is necessary to work above
liquidus temperature of alloy. HPDC experiments were also
carried out above liquidus temperature (approximately 630 C).
The calculated DC for conventional HPDC is 9.79± 0.27 and
the corresponding values for MC-HPDC samples ranges from
0.23± 0.21, for a sample processed at 610 C and 180 s, to
4.12± 0.20 for a sample processed at 600 C and 60 s. The
decrease observed in the value of DC for MC-HPDC clearly
suggests the structural homogeneity.
Figure 8 presents the variation in DC as a function of
shearing speed, and value corresponding to 0 rpm stands for
HPDC sample. When the screw rotational speed is increased
from 400 to 600 rpm, the DC during the shearing process
decreased from 1.79± 0.20 to 0.43± 0.20 for LM24-5%
Fig. 6 Microstructures of cross section at different regions of LM24-5% graphite MC-HPDC tensile sample
Fig. 7 Skewness (b) as a function of shearing time at a rotation
speed of 800 rpm for MC-HPDC samples
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graphite composite. The decrease in DC with an increase in
shearing speed is because of the increase in shear rate with
rotational speed. An increase in shear rate breaks up the
agglomerates by overcoming the cohesive forces which hold
them together. Under a high-shear stress and turbulent condi-
tions, the melt penetrates into the clusters and disperses the
individual particles within the cluster, resulting in a more
uniform distribution. The shear stress (s) predicted by Eq 5 also
suggests that an increase in rotational speed of the screws,
increases the applied shear stress and contributes to homoge-
neity of the reinforcement distribution. The increase in disper-
sion coefﬁcient for a sample processed at 800 rpm may be
associated with ﬂocculation because of multi-particles interac-
tion under increased dynamic shear conditions.
The experimental results from the area count analysis can be
compared with theoretical distribution curves in absolute terms
(Ref 54). Figure 9 indicates that the observed distribution for
composite made by the conventional HPDC process follows a
clustered distribution expressed by a negative binomial curve,
whereas the corresponding distribution for the novel MC-HPDC
composite is closer to both the Poisson and the binomial
distributions compared to the negative binomial distribution,
indicating a more uniform distribution.
Owing to pinhole porosity and polishing defects, observa-
tion under the optical microscope fails to distinguish between
graphite particles and micropores in the composite materials
(Ref 31). To ascertain the graphite distribution in the matrix and
the surface details of composite materials, scanning electron
microscopy (SEM) is a powerful tool. SEMs have very high
resolving power coupled with high depth of focus, offering the
best advantage for assessing the microstructure. Figure 10
shows the micrograph of MC-HPDC Al/graphite composite
processed at 610 C and 800 rpm for 180 s, conﬁrming the
uniform distribution of graphite particles.
3.3 Interfacial Analysis
A strong bond between the reinforcement and matrix helps
in the load transfer from the latter to the former. As a result,
fracture takes place in the composite via the reinforcement and
not along the interface (Ref 1, 2). Although the graphite is a
non-load bearing constituent, a strong particle/matrix interface
helps graphite particles embed themselves into the matrix
properly, improving the fracture resistance. An improvement in
interfacial bonding between the graphite and aluminum matrix
under pressure during solidiﬁcation has been reported (Ref 43).
In this investigation, fractographic features of a MC-HPDC
LM24-5 vol.% graphite sample processed at 610 C and
800 rpm for 180 s, after tensile testing have been observed as
shown in Fig. 11.
Good bonding between the graphite particle and the matrix
is evident. There is no sign of void formation or extensive
separation at the particle-matrix interface. The particles are well
embedded in the matrix and the fracture shows ductile behavior
as river patterns are quite prominent. Scanning electron
microscopy (Fig. 12) of MC-HPDC sample of the same
composite also supports the fact that the interface is clean
and sharp without any evidence for the formation of aluminum
Fig. 8 Dispersion Coefﬁcient as a function of shearing speed at
610 C and 120 s
Fig. 9 Theoretical distribution curves and experimental results
(symbols) from an area count analysis for LM24-5 vol.% graphite
samples
Fig. 10 Scanning electron micrograph showing a uniform distribu-
tion of graphite particles (dark in contrast)
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carbide at the interface. Graphite can form aluminum carbide
when it comes into contact with molten aluminum alloys at
temperatures exceeding 627 C and long contact time (Ref 29,
30, 39, 62, 63). One possible way to limit carbide formation is
to alloy aluminum with elements very similar to carbon and
change the interaction character on the interfacial boundary
(Ref 64). Silicon is one such element. The addition of Si
(from 7 to 10%) decreases carbon solubility in Al because a
SiC layer or segregated Si may act as a diffusion barrier for C
diffusion which reduces the reaction rate between C and Al
which ﬁnally eliminates the formation of Al4C3 (Ref 46, 47).
Further, in particular, high cooling rates are generally
expected to limit the extent of a chemical reaction since the
reaction times available for the melt/reinforcement inter-
faces are signiﬁcantly reduced (Ref 65). The result of EDX
line analysis (Fig. 12) conducted in the near vicinity of
Al-graphite interface, in case of MC-HPDC sample revealed
the presence of segregation of silicon. Selected processing
temperature range, a shorter cycle time of MC-HPDC process,
a higher cooling rate in pressure die casting, and the presence
of Si (8.54 wt.%) improve the performance in terms of
production cost and good interfacial integrity between rein-
forcement and the matrix.
3.4 Mechanical Properties
The uniform distribution and the nature of the interfacial
bonding between graphite particles and matrix have an
important bearing on the mechanical properties of a composite
material. It has been suggested that graphite particles, being
very weak compared to the aluminum matrix, may be treated as
non-load-bearing constituents (Ref 32). With a view to
extending their applications to structural components, these
materials should have a good combination of strength and
ductility. Figure 13 shows a comparison of the mechanical
properties of LM24/graphite composite samples produced by
the two different processes. The MC-HPDC composites show
an increase in the tensile elongation together with an increase in
the ultimate tensile strength of the material, resulting from the
better dispersion of the particles. The magnitudes of these
increases are observed to average approximately 20%.
There have been a number of publications in the literature
where mechanical properties of Al alloy-graphite composites
Fig. 11 Fractographs of MC-HPDC Aluminum-graphite composite
showing (a) ductile failure, (b) improved interfacial bonding
Fig. 12 Scanning electron micrograph with EDX line analysis of a
MC-HPDC composite sample showing a clean interface between a
graphite particle and the aluminum matrix
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are documented (Ref 9, 21, 33, 34, 41, 59, 60). However,
different investigators have used different experimental proce-
dures. In order to characterize the mechanical properties of Al
alloy-graphite composites, the strengths have been normalized
with respect to the base matrix. Table 2 shows the normalized
UTS (UTS of composite, rc/UTS of matrix, rm) data from
various investigations. The homogeneous distribution of
graphite particles in MC-HPDC-processed composite samples,
results in a reasonably high UTS value compared with the base
alloy, which is in turn reﬂected in the high value of their
normalized UTS.
A comparison of wear rate between an LM24 HPDC alloy
and LM24-5% graphite composites is shown in Fig. 14. It can
be seen that the wear loss of the matrix alloy and composites
increased linearly with sliding distance. As expected, the high
wear resistance of Al-graphite composites is primarily to due
to the presence of graphite particles which act as a solid
lubricant (Ref 11, 12, 15). Figure 15 revealed well-dispersed
graphite particles on the worn surface of MC-HPDC com-
posite which was processed at 620 C, 120 s, and 800 rpm.
The improved wear resistance of MC-HPDC composite is
attributed to the uniform dispersion of graphite particles in the
matrix. In view of these superior mechanical properties of
Aluminum-graphite MC-HPDC composites compared with
HPDC composites, they could be attractive candidates for
automotive applications.
4. Conclusions
An efﬁcient mixing technology to achieve a uniform
distribution of uncoated graphite particles within an aluminum
alloy matrix has been developed. The MC-HPDC process offers
near-net shape components of high integrity. Quantitative
image analysis revealed an improved particle distribution in the
composite. The high dispersive shearing action and high
intensity of turbulence created by the twin screws in the barrel
lead to a uniform distribution of the reinforcement by
overcoming the tensile strength of agglomerates. It was
observed that prolonged shearing impairs the mixture quality.
Quantitative analysis of the reinforcement distribution and
mechanical properties conﬁrmed the advantages of the MC-
HPDC process over conventional processes. Improved mechan-
ical properties are achieved due to structural uniformity and
strong interfacial bonding.
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Fig. 13 Comparison of mechanical properties of LM24/graphite com-
posites obtained from the two processes Fig. 14 Wear loss vs. sliding distance characteristics
Table 2 Normalized UTS data comparison
Matrix graphite composition, wt.%
Normalized
UTS (rc/rm) Reference
LM13-3graphite (die cast) 0.72 (Ref 66)
LM30-3graphite (die cast) 0.70 (Ref 66)
Al-11.8Si-1Mg-3graphite (as cast) 0.72 (Ref 67)
Al-12Si-1.5Mg-Cu-Ni-3graphite
(gravity die cast)
0.77 (Ref 9)
LM13-3graphite (UPAL) 0.77 (Ref 21)
LM24-3.5graphite (HPDC) 0.83 Present study
LM24-3.5graphite (MC-HPDC) 0.90 Present study
Fig. 15 SEM image of the worn surface of MC-HPDC sample
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